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Abstract. Small GTP-binding proteins of the rab fam-
ily have been implicated as regulators of membrane
traffic along the biosynthetic and endocytic pathways
in eukaryotic cells. We have investigated the localiza-
tion and function of rab8, closely related to the yeast
YPTI/SEC4 gene products. Confocal immunofluores-
cence microscopy and immunoelectron microscopy on
filter-grown MDCK cells demonstrated that, rab8 was
localized to the Golgi region, vesicular structures, and
to the basolateral plasma membrane. Two-dimensional
gel electrophoresis showed that rab8p was highly en-
riched in immuno-isolated basolateral vesicles carrying
vesicular stomatitis virus-glycoprotein (VSV-G) but
was absent from vesicles transporting the hemaggluti-

nin protein (HA) of influenza virus to the apical cell
surface.

Using a cytosol dependent in vitro transport assay in
permeabilized MDCK cells we studied the functional
role of rab8 in biosynthetic membrane traffic. Trans-
port of VSV-G from the TGN to the basolateral
plasma membrane was found to be significantly in-
hibited by a peptide derived from the hypervariable
COOH-terminal region of rab8, while transport of the
influenza HA from the TGN to the apical surface and
ER to Golgi transport were unaffected.

We conclude that rab8 plays a role in membrane
traffic from the TGN to the basolateral plasma mem-
brane in MDCK cells.

small GTP-binding proteins, homologous to the pro-

tooncogene ras, in the regulation of membrane traffic
(for reviews see Balch, 1990; Hall, 1991; Olkkonen et al.,
1993). The first two to be characterized were yptlp and secdp
in Saccharomyces cerevisiae (Gallwitz et al., 1983; Segev et
al., 1988; Salminen and Novick, 1987). The mammalian
homologues of these proteins, are called rab proteins, and
form a large family of at least 30 members (Zahraoui et al.,
1989; Touchot et al., 1987; Chavrier et al., 1990b).
Presently the field is one of expansion; new members of the
families are being identified (Zahraoui et al., 1989; Touchot
et al., 1987; Chardin and Tavitian, 1989; Bucci et al., 1988;
Didsbury et al., 1989; Polakis et al., 1989; Sewell and Kahn,
1988; Chardin et al., 1988; Pizon et al., 1988; Zahraoui et
al., 1988) and also a great number of associated proteins that
affect the biochemical activity of small GTP-binding pro-
teins have been reported (Burstein et al., 1991; Tan et al.,
1991; Shimizu et al., 1991; Sasaki et al., 1991). Morphologi-
cal and biochemical studies have indicated that these pro-
teins are localized to different segments of the biosynthetic
(Mizoguchi et al., 1989; Goud et al., 1990; Chavrier et al.,
1990a; Darchen et al., 1990; Plutner et al., 1990; Fischer
von Mollard et al., 1991) and endocytic (Bucci et al., 1992;
Chavrier et al., 1990a; Van der Sluijs et al., 1991, 1992;
Lombardi et al., 1993) pathways where they seem to regulate
distinct steps of vesicular transport. Proteins of the
yptl/sec4/rab subfamily are thought to be involved in confer-

RECENT studies have demonstrated the involvement of
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ring specificity to targeting or fusion of transport vesicles
with their correct acceptor compartment (Bourne, 1988;
Pfeffer, 1992). Sar/ARF constitute another family of small
GTP-binding proteins. Sarlp is required for budding of
vesicles from the ER in vitro (Oka et al., 1991). ADP-ribosy-
lation factor (ARF)' is highly enriched in Golgi-derived
vesicles and was postulated to be involved in the budding and
uncoating of these vesicles (Serafini et al., 1991). Recently
a role for ARF proteins in trafficking in the biosynthetic and
endocytic pathways has also been reported (Koch et al.,
1992; Kahn et al., 1992; Lenhard et al., 1992). With the
long-term goal of elucidating the mechanisms responsible
for membrane traffic in polarized epithelia, we have been
searching for rab proteins involved in apical and basolateral
trafficking in polarized epithelial cells. MDCK cells are a
well-established model for studying the development and
maintenance of cell surface polarity. Apical and basolateral
plasma membrane proteins in MDCK cells are sorted in the
TGN by inclusion into separate carrier vesicles that transport
the proteins to the correct destination (Griffiths and Simons,
1986; Hughson et al., 1988). Chavrier et al. (1990b)
screened a MDCK cell cDNA library with a degenerate oli-
gonucleotide corresponding to a conserved sequence shared
by all GTP-binding proteins of the Yptl/Sec4 subfamily. 11

1. Abbreviations used in this paper: ARF, ADP-ribosylation factor; IEF,
isoelectric focusing; PCR, polymerase chain reaction; PNS, postnuclear
supernatant; SLO, streptolysin; 2D, two dimensional.
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clones encoding putative GTP binding proteins were iso-
lated. Rab8 was one of the GTP-binding proteins that came
up in the first round of screening. Rab8 is highly related to
the yeast proteins yptlp and sec4p. The overall sequence
identity in the region excluding the variable NH, and
COOH termini is around 60%. Most importantly the se-
quence identity is strikingly high in the effector domain.
While a mammalian homolog of yptlp has been identified
(rabl) and shown to replace the yptlp functionally in S.
cerevisiae, a mammalian counterpart of sec4p has not yet
been identified. Rab8p is a candidate for post-Golgi trans-
port functions.

In this study we have used specific antibodies against
rab8p to investigate its cellular localization. In addition,
immuno-isolated apical and basolateral transport vesicles
were analyzed for their content of GTP-binding proteins
using high-resolution two-dimensional (2D) gel electropho-
resis. Finally, recently established transport assays in per-
meabilized cells were used (Kobayashi et al., 1992; Pim-
plikar and Simons, 1993) to study the involvement of rab8p
in biosynthetic traffic in MDCK cells. All together the
results demonstrate that rab8p is involved in regulating trans-
port from the TGN to the basolateral cell surface.

Material and Methods

Cell Culture

Media and reagents for cell culture were purchased from Gibco Biocult (Eg-
genheim, Germany) and Biochrom (Berlin, Germany). Growth medium for
MDCK strain II cells consisted of MEM with Earle’s salts (E-MEM) sup-
plemented with 10 mM Hepes, pH 7.3, 10% FCS, 100 U/ml penicillin, and
100 pg/ml streptomycin. MDCKII cells were grown and passaged as de-
scribed previously (Matlin et al., 1981). BHK 21 cells were grown in
Glasgow’s modified Eagle’s medium, supplemented with 5% FCS, 2 mM
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 10% tryp-
tosephosphate at 37°C in 5% CO,. NIH3T3 and HeLa cells were grown
in D-MEM (1 g/liter glucose) supplemented with 5% FCS, 2 mM gluta-
mine, 100 U/ml penicillin, and 100 ug/ml streptomycin. Infection medium
was composed of E-MEM supplemented with 10 mM Hepes, pH 7.3, 0.2%
BSA, 100 U/ml penicillin, and 100 pg/ml streptomycin. For large scale isola-
tion of vesicles cells from a 75 cm? flask were seeded on a single 100-mm
diam, 0.4-um pore size Transwell filter as described previously (Wandinger-
Ness et al., 1990). For in vitro transport assays and immunofluorescence/
immunoelectron microscopy, 2.4 million cells were seeded on 24 mm
Transwell filters.

Plasmid Construction

Full-length cDNAs of rab proteins expressed and studied here were inserted
into pGEMI under the control of the T7 promotor according to the previ-
ously described procedure for transient expression of rab proteins with the
T7 RNA polymerase-recombinant vaccinia virus system (Chavrier et al.,
1990b). To express the rab8 protein in vivo we inserted the rab8 cDNA un-
der the control of a T7 promoter. First, we constructed plasmid pBSSK-rab8
containing the complete coding sequence of rab8. This plasmid was derived
by re-engineering pBSSK-2, which was obtained by in vivo excision of the
A UNI-ZAP XR phage vector (Chavrier et al., 1990b) and lacked the seg-
ment encoding the first 46 NH-terminal amino acid residues of rab8. The
fragment encoding this region was generated using the polymerase chain
reaction (PCR) from MDCK oligo(dT)12-13~primed cDNA using the oligo-
nucleotides SAGTCGGATCCATATGGCGAAGACCTACGATTACCTG3'
and 5'TTGATTCCATAGTCCAGGGCCY’ as primers. After restriction with
BamHI and Pstl, the PCR product was inserted into pBSSK-2 cut with the
same enzymes in order to restore the full-length coding region of rab8. The
vector region containing the PCR amplified DNA was sequenced by
the dideoxy method to rule out the presence of mutations. The sequence
obtained perfectly matched that of the rab8 ¢cDNA described in Chavrier
et al. (1990b).

Plasmid pGEMI-rab8 was constructed by inserting a ~2-kb BamHI-
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Xhol DNA fragment, containing the whole rab8 cDNA isolated from
pBSSK-rab8, into pGEMI restricted with BamHI and Sall. The construct
was checked by restriction endonuclease digestion and in vitro transcrip-
tion-translation analysis.

T7 RNA Polymerase Recombinant Vaccinia Virus
Infection and Transfection

MDCK strain II cells were split 24-36 h before transfection so that on the
day of transfection they were ~80% confluent. The cells were washed twice
with PBS and trypsinized (1X Trypsin-EDTA solution; Gibco Biocult) be-
fore infection. Cells were then washed twice in serum-free medium and
resuspended. Infection with T7 polymerase-recombinant vaccinia virus
(Fuerst et al., 1986) was carried out in serum-free medium in solution with
3-5 pfu/cell at room temperature for 30 min with intermittent agitation. Af-
ter 30 min cells were plated to dishes again, and after serum supplementa-
tion (5%), transfected using DOTAP reagent (Boehringer Mannheim,
Mannheim, Germany) according to the manufacturer’s instructions, which
allows transfection in serum-supplemented medium conditions. Cells were
then incubated in the presence of 10 mM hydroxyurea for 5 h at 37°C in
5% CO, and processed for further analysis.

Two-dimensional Gel Electrophoresis

A combination of isoelectric focusing (IEF) and SDS-PAGE was used to re-
solve proteins in two dimensions essentially as described previously (Bravo,
1984; Celis et al., 1990). For IEF samples were solubilized in 9.8 M urea,
4% (wt/vol) NP-40, 2% (vol/vol) ampholines, pH 7-9 (Pharmacia LKB,
Bromma, Sweden), and 100 mM DTT. Tube gels used for the first dimen-
sion were 25-cm long and had an internal diameter of 2.5 mm. IEF gels
were run at 1,200 V for 17 h. The pH gradient after electrophoresis ranged
from 4.57 to 803 and was linear between pH 4.6-7.2 (Wandinger-Ness et
al., 1990). For the second dimension 15% SDS-PAGE (15% wt/vol acryl-
amide, 0075% wt/vol N,N-methylene-bisacrylamide; stacking gels were
5% wtivol acrylamide, 0.25% wt/vol N,N-methylene-bisacrylamide) was
used.

Transfer to Nitrocellulose Blots and
[o2P] GTP Overlay

For transfer to nitrocellulose and GTP overlay we have modified a protocol
based on the method from Lapetina and Reep (Lapetina and Reep, 1987).
Proteins (60-70-pg total) were separated by high-resolution two-dimen-
sional gel electrophoresis as described above, washed 2 X 15 min in 50 mM
Tris-HCl, pH 7.5/20% glycerol, and electrophoretically transferred to
nitrocellulose paper in 10 mM NaHCOi3/3 mMNa;COs (pH 9.8). The
transfer blots were rinsed for 30 min in GTP-binding buffer (50 mM
NaH,POs, pH 7.5, 10 uM MgCl;, 2 mM DTT, 0.2% Tween 20, and 4 uM
ATP as competing substrate), and then incubated with [*?P] GTP (1
pCi/ml, sp act 2,903 Ci/mmol, 1 Ci=37 GBq) for 2 h. The blots were
rinsed for 60 min with several changes of binding buffer and air dried.
[o*?P] GTP binding was visualized by autoradiography (12~24 h, —80°C)
using Kodak Xomat Ar film with an intensifying screen (Eastman Kodak
Co., Rochester, NY). Molecular masses were determined by comparison
to prestained SDS/PAGE molecular weight standards (Bio-Rad Labs, Rich-
mond, CA) electrophoresed in the gels and transferred to nitrocellulose
blots.

Preparation of Total Cellular Membrane Fractions

A postnuclear supernatant (PNS) was prepared as described previously
(Kurzchalia et al., 1992; Gorvel et al., 1991), transferred to a TLA100.2
microfuge tube and centrifuged for 30 min, 4°C at 60,000 rpm. The super-
natant (cytosol! fraction) and the pellet were separated and taken up in IEF
sample buffer and processed for high-resolution 2D gel analysis.

Immunoblotting

For Western blots, protein samples were lysed in standard SDS sample
buffer and extracts were electrophoresed on 10% polyacrylamide gels.
Separated proteins were transferred onto nitrocellulose filters. Filters were
prewashed in PBS/4% milk, 0.2% Tween 20, and 0.1% sodium azide for
2 h at room temperature. After three washes of 10 min in PBS/0.2% Tween
20, the filters were incubated for 1 h with primary antibodies diluted in
PBS/4% milk, 0.2% Tween 20, and 0.1% sodium azide. After extensive
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washing filters were incubated with a HRP-labeled secondary antibody
(Bio-Rad Labs) for 1 h, washed, and developed.

Viral Infection

Influenza WSN ts61 and vesicular stomatitis virus (VSV) stocks were pre-
pared according to Bennett et al. (1988) and Hughson et al. (1988), respec-
tively. Infections were performed by rinsing cells growing on 100 mm filters
with infection medium and transferring the filters back to the original 10
cm dishes. The virus stocks were diluted in infection medium and added
in a volume of 500 ul to the apical side of the filters (Wandinger-Ness et
al., 1990) at a multiplicity of 5 pfu/cell (WSN ts61) or 50 pfu/cell (VSV).
After adsorption to the cells for 1 h at 31°C for WSN ts61, or 37°C for VSV,
the viral inoculates were aspirated and fresh infection medium was added
to the apical and basolateral side. Infections were continued for an addi-
tional 3.5 h at 39°C (WSN ts61) or 2.5 h at 37°C (VSV). To incubate cells
for 2 h in a waterbath at 20°C, the medium was replaced with Hepes-
buffered, low bicarbonate medium.

Vesicle Isolation from Perforated Cells
and Immunoisolation

After the 20°C block filter-grown cultures were perforated (Bennett et al.,
1988) and post-TGN-derived vesicles were collected and concentrated as
described (Wandinger-Ness et al., 1990).

Immuno-isolation of these vesicle fractions after viral infection was car-
ried out as described previously (Wandinger-Ness et al., 1990). Briefly, for
each immunoisolation a gradient-purified vesicle fraction from one 100 mm
filter was used. Aliquots were incubated with either specific or control anti-
bodies and immunoabsorbed with ceilulose fibers as described (Wandinger-
Ness et al., 1990). Mouse mAbs directed against the cytoplasmic domains
of VSV-G protein (Kreis, 1986) and influenza PR8 (Hughson et al., 1988)
were used in the form of concentrated hybridoma culture supernatants. Af-
ter collection the fibers were washed and pelleted as described (Wandinger-
Ness et al., 1990) and the pellet was resuspended directly in 50 ul IEF sam-
ple buffer and processed for 2D gel analysis and GTP overlay.

rab8 Peptides

The peptide was derived from the COOH-terminal hypervariable region of
rab8. This region differs among the different rab proteins. The peptide se-
quence was KAKMDKKLEGNSPQGSNQGVK (position 170-190), begin-
ning from the last amino acid residue of « helix 5 as deduced from the struc-
ture of ras p21, and excluding the cysteine motif. This peptide was either
used for raising and purifying specific antibodies against rab8 or for in vitro
transport assays in permeabilized MDCK cells.

Preparation of Antiserum against rab8

Polyclonal antibodies were raised against synthetic peptides covalently cou-
pled to keyhole limpet hemocyanin (Calbiochem-Norabiochem, LaJolla,
CA) (Kreis, 1986). Affinity purification was carried out over a matrix of
peptide coupled to Sepharose 4B. Immobilization of the peptide to cyanogen-
bromide-activated Sepharose 4B (Pharmacia, Upsala, Sweden) was per-
formed in coupling buffer (0.1 M NaHCOs3, pH 8.5, 0.5 M NaCl) at 4°C.
Specific antibodies were bound overnight at 4°C on the peptide column and
eluted in 0.2 M glycine-HC! (pH 2.8) neutralized by the addition of 1 M
Tris-HCI (pH 80). Affinity-purified antibodies were dialyzed against 50%
PBS/glycerol (4°C, overnight) and stored at —20°C.

Immunofluorescence

Cells were grown on 11-mm-round glass coverslips for 24-48 h before treat-
ment. Cells were washed once with PBS and permeabilized with 0.01%
Saponin (Sigma, Deisenhofen, Germany) in 80 mM K-Pipes (pH 6.8), 5
mM EGTA, 1 mM MgCl; for 5 min. Cells were fixed with 3% parafor-
maldehyde in PBS (pH 7.4) for 15 min, free aldehyde groups were quenched
with 50 mM NH,C! in PBS for 15 min. After fixation coverslip-grown
cells were processed as described previously (Chavrier et al., 1990a),
mounted in moviol and viewed with a Zeiss Axiophot Photomicroscope
(Carl Zeiss, Oberkochen, Germany). Filter-grown MDCK strain II cells
were also saponine extracted and further processed as described (Bacallao
et al., 1989). Filters were mounted with spacers (nail polish drops) in 50%
glycerol/PBS. They were then viewed with the EMBL confocal microscope
and photographed on Kodak Tmax 100 film with a Polaroid Freeze frame
directly from the monitor.
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Immunoelectron Microscopy

Fully polarized, filter grown MDCKII cells were fixed with 8% parafor-
maldehyde in 250 mM Hepes (pH 7.35). Pieces of filter were sandwiched
together with 10% gelatin in PBS, infiltrated with sucrose, and frozen in
liquid nitrogen. After sectioning, grids were incubated for 1 h at 37°C on
PBS to dissolve and remove the gelatin. Labeling with antibodies and pro-
tein A-gold was performed as described previously (Griffiths et al., 1984;
Griffiths et al., 1985).

In Vitro Transport of VSV-G and HA in Permeabilized
MDCKII Celis

MDCKII cells were grown on 24 mm Transwell filters for 3 d before being
infected with VSV or influenza viruses. The cells were pulse labeled with
[*3S] methionine for 6 min, chased for 6 min in the presence of methionine
at 37°C with further incubation at 20°C for 60 min to block the viral glyco-
proteins in the TGN as described (Kobayashi et al., 1992; Pimplikar and
Simons, 1993). The cells were then permeabilized with streptolysin O
(SLO; a generous gift from Dr. S. Bhakdi, University of Mainz, Mainz,
Germany) as described recently (Kobayashi et al., 1992; Pimplikar and Si-
mons, 1993). The in vitro transport of HA and VSV was performed as de-
scribed (Kobayashi et al., 1992; Pimplikar and Simons, 1993) in the pres-
ence or absence of exogenously added cytosol (HeLa cytosol, 8 mg/ml) that
was preincubated with 10-100 uM peptide derived from the hypervariable
COOH-terminal region of rab8p. The same peptide sequence was used as
for the preparation of antiserum against rab8. The rabSap peptide used here
as control for the basolateral assay was derived from the NH,-terminal re-
gion of rab5a. The peptide sequence was MANRGATRPNGPNTGNK, be-
ginning from the first amino acid residue of rabSa.

All experiments were carried out with duplicate filters for each transport
condition and the values expressed as means of the duplicates from four
experiments. Samples were analyzed by SDS-PAGE, autoradiographed,
scanned with a PhosphorImager (Molecular Dynamics GmbH, Krefeld,
Germany) and the band intensities were calculated with ImageQuant soft-
ware. The amount of HA transported to the apical surface was measured
by its sensitivity to cleavage by trypsin and calculated as described before
(Matlin and Simons, 1984) (% transport = 2 X HA2/HAD + HA2 X 100).
Cytosol-dependent transport is expressed as being 100%. The amount of
VSV-G transported to the basolateral surface was detected by surface immu-
noprecipitation with an affinity-purified antibody directed against the lumi-
nal domain of VSV-G protein (Pfeiffer et al., 1985) and calculated as the
amount of VSV-G bound to protein A-agarose resin. The values for VSV-G
transport are expressed as cytosol dependent transport being 100% ([trans-
port in the presence of cytosol] ~ [transport in the absence of added
cytosol]). The values for ER to Golgi transport are expressed as a percent-
age of the aquired Endo H resistance (HA resistant/[HA resistant + HA
sensitive]) of HA.

Results

Cellular Localization of rab8p by
Immunofluorescence Microscopy

An affinity-purified anti-peptide antibody raised against the
COOH-terminus of rab8p was used for cellular localization
of rab8p. The specificity of the antibody was confirmed by
immunoblot analysis using rab8 and rabl0 proteins (Fig. 1)
and peptide inhibition (10 ug/ml) in indirect immunofluores-
cence (results not shown). Rab8 and rabl0 proteins were ex-
pressed in E. coli BL21(E3) using the pET3a expression sys-
tem (Studier et al., 1990). The antibody reacted specifically
with both rab8p expressed in E. coli (Fig. 1, lane 1) and with
the endogenous protein in MDCK cells (Fig. 1, lanes 3 and
4), whereas no specific signal was detected with rabl0p (Fig.
1, lane 2). As revealed by Western blot analysis only a small
fraction of rab8p was recovered in the cytosol fraction (Fig.
1, lane 3), whereas most of rab8p was found to be membrane
associated (Fig. 1, lane 4).

For immunofluorescence microscopy MDCKII, HelLa,
BHK, and NIH3T3 cells were permeabilized with saponin
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Figure. 1 Immunoblot analy-
sis of total proteins from E.
coli BL2I(DE3) expressing
rab8p (lane 1) and rablOp
(lane 2, this protein migrates
exactly with the same mobility
as rab8p, see also Fig. 5) and
of MDCK 1I cytosol (lane 3)
and crude membrane frac-
tions (lane 4). Proteins (~100
ug) were separated by 15%
SDS-PAGE, electrophoreti-
cally transferred onto nitro-
cellulose filters, and incu-
bated with affinity-purified anti-rab8p peptide antibodies. Bands
were visualized using either an alkaline phosphatase conjugated
goat anti-rabbit antibody (lanes / and 2) or an HRP conjugated goat
anti-rabbit antibody and an enhanced chemoluminescence (ECL)
Western blotting system (lanes 3 and 4).

rab8p

and the cytoplasmic pool of GTP-binding proteins was ex-
tracted with K-Pipes buffer. After this extraction the antibod-
ies detected rab8p associated with cellular membranes. In all
cell types investigated (Fig. 2, a-d) the staining was found
concentrated in the Golgi region and in cytoplasmic vesicles.
In addition MDCKII cells grown on coverslips showed a
strong lateral plasma membrane staining at the sites of cell
to cell contacts (Fig. 2 d). To visualize the spatial distribu-
tion of rab8p, fully polarized filter-grown MDCKII cells
were analyzed by confocal laser beam microscopy. The
digitalized data were used to generate X-Y and X-Z views
of the fluorescence sequences. A focal plane along the verti-
cal axis of MDCK taken from the upper third of the cell
shows again vesicular staining and distribution of rab8p

Figure 2. Immunofluorescence localization of rab8p in BHK (a),
NIH3T3 (b), HeLa (c), and MDCKII cells (d). Cells were permea-
bilized with saponin, fixed with 3% paraformaldehyde and labeled
with affinity-purified antibody against rab8p. After washing to re-
move unbound IgG, cells were incubated with rhodamine-labeled
goat anti-rabbit IgG. Cells were viewed with a Zeiss Axiophot mi-
croscope and photographed in rhodamine optics. Antibody dilu-
tions : (a) 1:25, (b) 1:20, (c) 1:80, (d) 1:40. Note: Since the cyto-
plasmic pool of rab8p was saponin extracted, the antibody
specifically detects the membrane associated fraction of rab8p. Bar,
10 pm.
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Figure. 3. Confocal laser beam immunofluorescence localization of
rab8p in filter-grown MDCK I cells. Cells were grown on Trans-
well filters for 4 d, saponin extracted, fixed with 3% paraformalde-
hyde, and double labeled for indirect immunofluorescence using
mADb 6.23 against the basolateral marker protein 58 kD and affinity-
purified anti-rab8p antibodies. After washing to remove unbound
IgG, cells were incubated with rhodamine-labeled goat anti-rabbit
IgG to label the specifically bound anti-peptide rab8 IgG and with
fluorescein-labeled goat anti~mouse IgG to label specifically bound
58-kD-directed antibodies. (@) X-Y view along the vertical axis
taken from the upper third of filter-grown MDCK. Samples were
photographed with rhodamine-optics showing rab8p distribution.
(b) X-Z view of the same sample photographed with rhodamine-
optics showing rab8p. (¢) X-Z view of the same sample pho-
tographed with fluorescine optics showing 58-kD protein distribu-
tion. Bar, 10 um.

along the basolateral plasma membrane (Fig. 3 a). The X-Z
view (Fig. 3 b) confirms the basolateral localization of
rab8p, but double staining with an established basolateral
plasma membrane marker for MDCKII (58-kD protein;
Balcarova-Stinder et al., 1984) emphasizes that rab8p is not
uniformly distributed along the basolateral surface (Fig. 3
©). Staining was concentrated to the sites where junctional
complexes are localized, and to structures at the bottom of
the cell. Double staining with anti-ZO-1 antibodies (Steven-
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Figure 4. Confocal laser beam double-immunofluorescence local-
ization of rab8p and ZO-1 in filter-grown MDCK II cells. Cells
were grown on Transwell filters for 4 d, saponin extracted, fixed
with 3% paraformaldehyde and double-labeled for indirect im-
munofluorescence using mAb R26 against the tight junctional
protein ZO-1 and affinity-purified anti-rab8p antibodies. After
washing to remove unbound IgG, cells were incubated with
rhodamine-labeled goat anti-rabbit IgG to label the specifically
bound anti-peptide rab8 IgG and with fluorescein-labeled goat
anti-rat IgG to label specifically bound ZO-1-directed antibodies.
The picture shows a X-Y overlay view along the vertical axis taken
from the upper third of filter-grown MDCK. The sample was
scanned with rhodamine-optics (529 nm) showing ZO-1 protein
distribution in red and fluorescine optics (476 nm) showing rab8p
distribution in green. Regions of overlapping distribution appear in
yellow. Bar, 5 um.

son et al., 1986) revealed a partial overlap of this marker of
the tight junctions with rab8p (Fig. 4).

To extend and confirm the localization of rab8p we carried
out immunoelectron microscopy on ultra thin sections of
filter-grown MDCKII celis with the affinity- purified anti-
peptide antibody. Specific labeling was observed on tubular
and vesicular profiles close to the Golgi and on the basolat-
eral plasma membrane (Fig. 5).

These data suggest that rab8p is associated with the Golgi
region, with vesicular structures and with the basolateral
plasma membrane in MDCK cells.

2D Mapping of Small GTP-binding Proteins by
Expressing Full-length cDNAs with the T7 Polymerase
Recombinant Vaccinia Virus System

The Reference Mapping. The vesicular staining pattern ex-
hibited by the anti-rab8p antibody prompted us to determine
whether rab8p is associated with basolateral or apical post
Golgi vesicles. To this end we established a 2D gel elec-
trophoresis mapping protocol for small GTP-binding pro-
teins. The proteins mapped here were rab8p, rab2p, and
rabl0p. Overproduced rab proteins appeared as unique spots
at the expected molecular weight (arrows in Fig. 6, b-d). In
addition two unidentified GTP-binding protein spots of high
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intensity (Fig. 6 a, A and B), with apparent molecular
weights of 24-25 kD, were found at identical electrophoretic
positions in all cell types and most subcellular fractions stud-
ied, and served as internal positional markers.

rab8p Is Found in Immunoisolated Basolateral but not
in Apical Vesicles. Basolateral and apical carrier vesicles
were purified and immunoisolated as described previously
(Wandinger-Ness et al., 1990). Briefly, after infection with
influenza virus or with vesicular stomatitis virus and after
perforation of the infected MDCKII cells we immunoiso-
lated basolateral and apical vesicles using mAbs directed
against the cytoplasmic domains of VSV-G protein and
influenza virus hemagglutinin (Kreis, 1986).

The GTP-binding profiles obtained from 2D gel elec-
trophoresis of the immunoisolated vesicle fractions are
shown in Fig. 7, a-f The basolateral and apical vesicles
shared the same common proteins (Fig. 6, A and B), but also
exhibited specific enrichment of other GTP-binding pro-
teins. One protein (Fig. 7 ¢, arrow), enriched in basolateral
vesicles, migrated at the position of rab8p (compare arrow
in Fig. 7 ¢ with arrow in Fig. 6 c¢). 2D GTP overlay experi-
ments in MDCKII membrane fractions revealed that, like ras
p21 and other small GTP-binding proteins, rab8p is of low
abundance and is hardly seen in total cell extracts (Fig. 7 a).
Therefore, the amount of rab8p in the immunoisolated
basolateral vesicle fraction reflects a significant enrichment
over whole membrane fractions.

Two other GTP-binding proteins were enriched in apical
vesicles (Fig. 7 e) as compared to the vesicle preparation be-
fore immunoisolation (Fig. 7 b). One protein (Fig. 7 e,
closed arrowhead) with an apparent molecular weight of
20-21kD (IP 3.5-4.0) could be a potential candidate for an
apically enriched GTP-binding protein. However, this pro-
tein has not been identified so far by the 2D mapping. This
protein is not detected in epithelial cells that have lost their
apical polarity by transformation with viral k-ras (Reich-
mann, E., and L. A. Huber, unpublished observation), but
was found in fully polarized hippocampal neurons (Dotti,
C. G., and L. A. Huber, unpublished observation).

A second protein (Fig. 7 e, open arrowhead) could be
rab2p or rablOp, since these proteins migrate very close to
each other in the reference map (compare with Fig. 6, b and
d). Neither localization nor function are known for rabiOp,
whereas rab2p is localized to an earlier step in the biosyn-
thetic route (Chavrier et al., 1990a). The high percentage of
sequence identity with SEC4/YPT1 (Chavrier et al., 1990b)
could make rablQ a potential candidate for a post-Golgi
GTP-binding protein. On the other hand a localization of
rablOp to an earlier segment of the biosynthetic route, e.g.,
ER to Golgi cannot be ruled out at the present time. We know
from recent observations that several proteins presumed to
be enriched in apical vesicles are in fact known ER proteins
(T. Kurzchalia, K. Fiedler, and K. Simons, unpublished ob-
servations). This contamination is probably due to the use
of a temperature-sensitive mutant ts61 of the influenza virus
hemagglutinin that remains in the ER at the permissive tem-
perature because the protein is not as readily reversible after
the temperature shift down, as the ts045 VSV-G protein mu-
tant is. Therefore some ts61 hemagglutinin in the smooth ER
vesicles must be carried along throughout the purification
procedure and finally be immunoisolated.

These results demonstrated that rab8p is specifically as-
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Figure 5. Immunoelectron microscopic localization of rab8p in polarized MDCK cells. Fully polarized filter-grown MDCK cells were
cryosectioned perpendicular to the plane of the filter. Thawed sections were labeled with affinity-purified antibodies to rab8 followed by
9 nm protein A-gold. () Labeling for rab8 (arrowheads) is evident on tubular and vesicular profiles on one side of the Golgi cisternae
(G) close to a clathrin-coated bud (double arrowheads). (b) Significant labeling is present on the cytoplasmic side of the lateral plasma
membrane (arrowheads). No clear enrichment of rab8p in the junction region was evident by EM. Low labeling was associated with the

apical surface; bl, basolateral plasma membrane. Bars, 200 nm.

sociated with basolateral TGN-derived vesicles. Further-
more, we identified a novel GTP-binding protein associated
with apical vesicles.

ARF and 3 COP Are Not Present in Purified Transport
Vesicles. Another subfamily of GTP-binding proteins, the
AREF proteins, were enriched in the Golgi apparatus (Stearns
et al., 1990) and on Golgi-derived COP-coated vesicles
(Serafini et al., 1991). We tested the total fraction of flota-
tion gradient-purified carrier vesicles (basolateral and api-
cal) for the presence of these components using polyclonal
antibodies directed against a conserved region of ARFp that
recognize all mammalian ARF proteins and recombinant
ARFlp (Kahn et al., 1988). TGN vesicles released from per-
forated cells were concentrated first by centrifugation
through a sucrose cushion (Wandinger-Ness et al., 1990).
This vesicle pellet is still contaminated with various mem-
branes (ER, Golgi, plasma membrane, etc.). Western blot
analysis revealed the presence of both BCOP and ARFp in
this fraction (Fig. 8, lanes I and 3). These membranes were
then overlaid with a discontinous sucrose gradient
(0.8-1.2-1.5 M) and subjected to equilibrium flotation cen-

The Journal of Cell Biology, Volume 123, 1993

trifugation (Wandinger-Ness et al., 1990). The purified
transport vesicles neither contained BCOP nor ARFp (Fig.
8, lanes 2 and 4). However, since these proteins could dis-
sociate from the vesicle membranes during isolation a possi-
ble association with TGN-derived carrier vesicles in intact
cells cannot be ruled out presently.

rab8 is Functionally Involved in the Transport from
TGN to the Basolateral Plasma Membrane

We next studied the involvement of rab8p in biosynthetic
transport and in basolateral vs. apical post-TGN delivery. We
used assays that reconstitute these processes in cells permea-
bilized with SLO (Kobayashi et al., 1992; Pimplikar and Si-
mons, 1993). SLO-permeabilized, filter-grown MDCKII
cells transport influenza hemagglutinin between the ER and
Golgi apparatus (Kobayashi et al., 1992; Pimplikar and Si-
mons, 1993) and deliver VSV glycoprotein and influenza
hemagglutinin from the TGN to the basolateral and apical
membrane domains, respectively, in a temperature, ATP and
cytosol-dependent manner (Kobayashi et al., 1992; Pim-
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the blot. The area of the blot
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- SDS-PAGE. The directions of
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plikar and Simons, 1993). To analyze the possible involve-
ment of rab8p in these transport steps, we studied the effects
of various antibodies against rab8p, or of peptides derived
from the hypervariable domain at the COOH-terminus of
rab8p in the permeabilized cells. The COOH-terminal
hypervariable region is important for the specific localiza-
tion of rab proteins (Chavrier et al., 1991) and for the inter-
action with the smgp25a-GDI (Araki et al., 1991). Therefore
a corresponding peptide would exert an inhibitory effect by
interfering with the interaction between rab proteins and fac-
tors participating in the membrane-association process. The
antibodies against rab8p did not reproducibly affect any of
the three transport events (data not shown). In contrast the
COOH-terminal-derived peptide inhibited specifically the
transport of VSV-G protein from the TGN to the basolateral
plasma membrane (Fig. 9 a). This inhibition was concentra-
tion dependent; 50 uM of added peptide achieved 50% de-
crease of VSV-G transport to the basolateral surface. In con-
trast it did not affect either the transport of influenza-HA to
the apical surface (Fig. 9 b) nor did it inhibit transport from
the ER to the Golgi as judged by aquisition of Endo H resis-
tance by HA (Fig. 9 ¢). Furthermore peptides derived from
the NH,-terminal region of rab5ap, that have been shown to
inhibit early endosome fusion in vitro (J.-P. Gorvel, O.
Steele-Mortimer, and J. Gruenberg, unpublished observa-
tion), did not affect basolateral transport (Fig. 9 a). These
data demonstrate that a rab8 specific peptide selectively
interfered with transport from the TGN to the basolateral
surface.

Discussion
Rab proteins have been clearly implicated as major regula-

Huber et al. Rab8, a Basolateral GTPase

are as indicated.

tors of vesicular membrane traffic (Pfeffer, 1992; Olkkonen
etal., 1993). Thus we have initiated a search for specific rab
proteins involved in the delivery of vesicles to the apical and
basolateral domains of polarized epithelia. This paper re-
ports the localization of rab8p, a small GTPase highly ho-
mologous to the yeast proteins sec4p/yptlp. Immunofluores-
cence patterns in both polarized epithelia (MDCKII cells)
and in unpolarized cells (BHK, NIH3T3, HeLa) indicated a
distribution consistent with a late Golgi/plasma membrane
localization of rab8p, and confirmed the widespread distri-
bution of rab8p. Nevertheless, confocal laser beam micros-
copy of filter-grown, fully polarized MDCKII cells demon-
strated that the protein is not distributed uniformly along the
basolateral plasma membrane, but rather is enriched in areas
of cell to cell contacts in close vicinity to the junctional com-
plexes. Although the functional significance of this finding
is open, the junctional complexes are highly organized and
specialized membrane domains which may be involved in
docking and fusion of basolateral transport vesicles, perhaps
via specific receptors (c.f. Louvard, 1980). Further src ki-
nases and levels of tyrosine phosphorylation are elevated, in
adherens junctions (Tsukita et al., 1991), and specific proto-
oncogenic kinases of the src family may modulate ras GAP
function (for reviews see Satoh et al., 1992; Juliano and
Haskill, 1993). Rab8p was also seen in restricted areas along
the basal membrane. What these sites represent structurally
is not yet clear.

Our immunofluorescence and immunoelectron micro-
scopic studies gave a first clue to the site of function of rab8p
along the biosynthetic route. To investigate biochemically
the specific association of rab8p with transport vesicles we
purified post-TGN vesicles from perforated MDCKII cells
(Wandinger-Ness et al., 1990). The flotated vesicles con-
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Figure 7. Analysis of small
GTP-binding proteins by high
resolution 2D gel electropho-
resis and [o**P}JGTP-overlay
of immunoisolated basolateral
(c) and apical (e) post-TGN
vesicles. A total vesicle frac-
tion (b) served as starting ma-
terial reference. The total
membrane fraction of MDCK
cells is shown in a. Nonspe-
cific binding was controlled
by incubating VSV containing
vesicles with the antibody
directed against the cytoplas-
mic domain of WSN HA (d)
or by incubating HA vesicles
with the antibody directed
against the cytoplasmic tail of
the VSV G protein (f). Pro-
teins labeled with 4 and B in
a were used as internal mark-
ers with respect to their rela-
tive electrophoretic position
on the blot (compare to Fig. 4,
a). Arrow in ¢ indicates the
specific enrichment of rab8p
as compared to the expression
map in Fig. 4 c (arrow).
Closed and open arrow heads
in e indicate GTP-binding
proteins in the apical fraction.

>

tained rab8p, but neither 3-COP nor ARFp, both of which
are involved in vesicular transport events within the Golgi
stack (Stearns et al., 1990; Serafini et al., 1991). The apical
and basolateral transport vesicles from virally infected
MDCK cells were immunoisolated (Wandinger-Ness et al.,
1990) using the viral spike proteins as antigens. Rab8p was
found to be specifically associated with basolateral vesicles.
In contrast the apical vesicles were enriched in two other
small GTP-binding proteins.

The ubiquitous expression of rab8 and the localization of
the protein along the basolateral route points towards a
regulative role in a basic membrane transport pathway pres-
ent in unpolarized as well as in polarized cell types. We
probed the role of rab8p in SLO-permeabilized MDCK cells
to gain some insight into its possible function. SLO can be
used to selectively permeabilize filter-grown MDCK cells,
to analyze polarized transport of newly synthesized proteins
and lipids to either the apical or to the basolateral surface
domains (Gravotta et al., 1990; Kobayashi et al., 1992; Pim-
plikar and Simons, 1993). Drugs, peptides, or antibodies can
be introduced into permeabilized cells to analyze their
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effects (Plutner et al., 1990). Here we could show that a syn-
thetic peptide derived from the hypervariable COOH-
terminal region of rab8p resulted in a decrease of the trans-
port of VSV-G to the basolateral surface, but did not affect
delivery of influenza HA to the apical surface nor did it in-
hibit ER to Golgi transport, as assayed by acquisition of
Endo H resistance for HA. The strength of the SLO-
permeabilized cell system is that it can be used to assay three
transport events under similar conditions. This facilitates
comparisons for defining specificity.

What Is the Mechanism by Which the rab8 Peptide
Inhibits Transport in Vitro?

The highly variable COOH-terminal domain of rab proteins
contains structural elements necessary for the association of
rab proteins with their specific target membrane (Chavrier
et al., 1991). It is located adjacent to the cysteine motif and
should therefore lie close to the membrane. The synthetic
peptide could interfere with the binding of rab8p through the
COOH-terminal hypervariable region to specific receptors
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Figure 8. Immunoblot analy-
& sis of transport vesicles. The
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S @ & & vesicle fraction budded in
9’(“( "{ *(f vitro was collected from fil-
ters of permeabilized MDCK

cells (100 mm, 24 x 10°
cells) and concentrated by
centrifugation through a
0.25 M sucrose cushion (lanes
1 and 3). This pellet was then
further purified over a flota-
tion gradient and collected at
the 1.2 M-08 M interphase,
concentrated by centrifuga-
tion, and resuspended in sam-
ple buffer (lanes 2 and 4).
Equal amounts of protein
(~30 ug) were separated by
preparative 10% SDS-PAGE,
electrophoretically trans-
ferred onto nitrocellulose
filters and strips were in-
cubated with affinity-purified
anti-ARF and affinity-purified anti-3COP polyclonal antibodies.
Bands were visualized using a HRP-conjugated secondary anti-
body. Lanes (I and 2) anti-8COP (1:100); lanes (3 and 4) anti-ARF
(1:500); lane (5) recombinant ARFlp (50 ng). Arrowheads indicate
position of proteins.

p-coP ARF

on the basolateral plasma membrane or with cytosolic pro-
teins mediating the targeting event. In the basolateral in vitro
assay system the degree of inhibition was correlated with the
peptide concentration of up to 50-100 ug; a further increase
in the peptide concentration did not result in further inhibi-
tion of the transport. The lack of complete inhibition could
be due to several factors: first, some VSV-G on its way to
the basolateral surface may already have passed the site of
action of the rab8 peptides and thus could not be affected by
the addition of inhibitory peptides. Second, some of the rab8
molecules could already be recruited on the membrane or in
association with an interacting component and therefore this
population of rab8p will be refractory to inhibitory effects
of the added peptide. Finally, two different pathways between
the TGN and the basolateral plasma membrane may exist,
of which only one is rab8p regulated. However, the observa-
tion that the apical transport as well as ER to Golgi transport
remain unaffected gives credence to our interpretation that
the basolateral inhibition is a specific action of the rab8p
peptide.

From these results we propose that the rab8p GTPase is
a regulatory component of the basolateral transport ma-
chinery. Further work will be necessary to address the ques-
tion of whether rab8 regulates vesicular budding or fusion
events in TGN to basolateral transport, or rather controls the
targeting of the carrier vesicles. The available tools will now
make it possible to extend our investigations to other compo-
nents interacting with rab8p. The function of rab8p in other

Figure 9. In vitro transport assays for rab8. Filter-grown MDCK
cells were SLO permeabilized from the apical or the basolateral
sides and cytosol was added back after incubation with rab8p pep-
tides for 30 min at 4°C at the indicated concentrations. All transport
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experiments were performed with identical concentrations and the
same batch of rab8p peptides. The dose response to peptide addi-
tion is shown in histograms. The dependence of cytosol addition
and the effect of the addition of 50 xM rab8 peptides are shown in
autoradiograms. All samples were analyzed by 10% SDS-PAGE,
autoradiographed, scanned with a Phosphorimager (Molecular Dy-
namics) and the band intensities were calculated with Image Quant
software. (@) The in vitro transport of VSV-G to the basolateral sur-
face was performed on apically permeabilized, cytosol-depleted
MDCK cells. The amount of VSV-G protein transported to the
basolateral surface was calculated as the amount of VSV-G bound
to protein A-agarose after surface immunoprecipitation with
G-specific antibodies. The histogram shows cytosol dependent
transport as being 100% (transport in the presence of cytosol —
transport in the absence of added cytosol). Values are means +
standard errors from four experiments performed with duplicate
filters. The last bar in the histogram shows a representative experi-
ment with the NH,-terminal rab5a peptide. (&) The in vitro trans-
port of influenza HA to the apical surface was performed on
basolaterally permeabilized and cytosol depleted MDCK cells. Ar-
rival of HA at the apical plasma membrane was measured by its sen-
sitivity to cleavage of trypsin. The values are expressed as cytosol
dependent transport being 100%. Values are means + standard er-
rors from three experiments performed with duplicate filters (%
transport = 2 X HA2/HAO + HA2 X 100). (¢) The in vitro trans-
port of HA from ER to Golgi was performed on basolaterally per-
meabilized and cytosol-depleted MDCK cells. The cell lysates
were either treated with 66 mM Na-citrate buffer, pH 5, alone or
with 50 mU Endo H in the above buffer at 37°C for 20 h. R, Endo
H-resistant form; S Endo H-sensitive form. Values in the histo-
gram represent means of Endo H resistance for HA in percent from
duplicate filters (HA resistant/HA resistant + HA sensitive).
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cell types will also have to be studied, and the accompanying
paper (Huber et al., 1993) shows that rab8p functions in the
delivery of viral glycoproteins to the dendrites of polarized
hippocampal neurons.
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